Bond Randomness Induced Magnon Decoherence in a Spin-1/2 Ladder Compound 
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We have used a combination of neutron resonant spin-echo and triple-axis spectroscopies to deter- 
mine the energy and linewidth of the magnon resonance in IPA-Cu(Clo.95Bro.o5)3, a model spin-1/2 
ladder antiferromagnet where Br substitution induces bond randomness. We find that the bond 
defects induce a blueshift, SA, and broadening, SF, of the magnon gap excitation compared to the 
pure compound. At temperatures exceeding the energy scale of the inter-ladder exchange interac- 
tions, SA and SF are temperature independent within the experimental error, in agreement with 
Matthiessen's rule according to which magnon-defect scattering yields a temperature independent 
contribution to the magnon mean free path. Upon cooling, <5A and SF become temperature depen- 
dent and saturate at values lower than those observed at higher temperature, consistent with the 
crossover from one-dimensional to two-dimensional spin correlations with decreasing temperature 
previously observed in pure IPA-CUCI3. These results indicate limitations in the applicability of 
Matthiessen's rule for magnon scattering in low-dimensional magnets. 

PACS numbers: 75.10.Kt 75.10.Pq 75.10.Jm 



One-dimensional (ID) spin liquids, such as spin-1 
chains or spin-1/2 ladders with antiferromagnetic interac- 
tions, have emerged as important model systems for the 
study of long-range quantum coherence^. These systems 
have collective spin-singlet ground states. Their mag- 
netic excitations are mobile, triply degenerate "magnon" 
quasiparticles, with a gap Ao even for temperature T — ► 
0. In an ideally clean system the magnon mean free path 
is infinitely long at T = 0. Heat transport measure- 
ments have indeed reported magnon mean-free path as 
long as several hundred unit cells 2 -. At nonzero temper- 
atures, theoretical work based on the non-linear sigma 
model (NLcM) predicts that the temperature dependent 
coherence length, and thus observables such as the ener- 
gies, A, and linewidths, T, of the magnons depend solely 
on T/Acr r —. The NLcM yields universal prediction for 
A(T) and T(T) in ID spin liquids, which have been ver- 
ified for spin-1 chains^ and spin-1/2 ladders^. 

Here we experimentally address the influence of bond 
disorder on the spin dynamics of a spin-1/2 ladder com- 
pound, an issue that has recently attracted consider- 
able attention in view of the possible realization of a 
novel "Bose glass" phase in sufficiently intense mag- 
netic fieldsjSr— In zero field, quantum Monte Carlo 
calculations have shown that bond disorder decreases 
the magnon coherence length , 12 ! 13 and it was shown 
experimentally that in disordered ID spin-1 chains at 
T = chemical defects limit the coherence length in 
a manner similar to thermally excited mobile magnons 
at T ^ fj£. Accordingly, thermal conductivity data 
have been analyzed in terms of a simple superposi- 
tion of T-dependent and T-independent scattering rates 
( "Matthiesen's rule") 14 ' 15 . A simple yet effective pic- 
ture is that magnons are confined into finite ID poten- 
tial "boxes" , defined by both static and dynamic defects. 



This picture is limited to one dimensional 5 - and is less 
rigorously justified in the presence of inter-chain or inter- 
ladder interactions which are present in real materials 7 . 
Nonetheless, thermal conductivity data on compounds 
with 2D spin systems were also analyzed in terms of an 
analogous Matthiesen rule expression 14 . The goal of our 
spectroscopic experiments is to test the applicability of 
this simple rule for the energy, A, and width, T, of the 
magnon resonance in a spin-1/2 ladder system. 

Bromine substituted IPA-Cu(Cli_ x Br a; )3 is an excel- 
lent model system to experimentally study the effect 
of bond disorder on the energies and linewidths of the 
magnon resonance in spin-1/2 ladders with antiferromag- 
netic interactions. For x < 13%, this compound crys- 
tallizes in the triclinic space group P I 16 : 17 . We index 
the momentum-space coordinates q = [h, k, I) in the cor- 
responding reciprocal lattice units (r.l.u.). In the a-c 
plane the nonmagnetic IPAi& molecules form layers so 
that the magnetic interactions along b are negligibl e) 8 ' 19 . 
The Cu 2+ ions carry a spin S = 1/2 and form ladders 
along the a axis. Exchange interactions within these 
Cu 2+ ions are mediated by CI di-bridges. Substituting 
CI with Br results in a slight change of the bond an- 
gles but a substantial change in the interaction strength, 
as discussed in detail elsewher o 20 ' 21 . This modification 
does not directly involve the spin-carrying Cu 2+ ions and 
does not add additional local 5=1/2 which would dom- 
inate the low temperature magnetic properties. Thus 
IPA-Cu(Clo.95Bro.o5)3 remains in a gapped quantum spin 
liquid state with A = 1.24 meV at q = (0.5,0,0) 
at T = 1.5 K which is higher than in the pure IPA- 
CuCi3 system 8 . Just like in pure IPA-CUCI3, the pri- 
mary dispersion of the magnons along h is well repro- 
duced by a spin-ladder model with a ferromagnetic cou- 
pling J\ — —2.3 meV along the rungs and antiferro- 
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FIG. 1. (Color online) Typical constant-q scans measured 
on a cold-TAS spectrometer in IPA-Cu(Clo.95Bro.o5)3 at q = 
(1.5,0,0) at different temperatures. The solid lines are the 
results of fits to Lorentzians convoluted with the resolution 
function of the instrument. Scans at different temperatures 
are shifted vertically for clarity. 



magnetic couplings J 2 = 1.2 meV and J3 = 2.9 meV 
along the legs and diagonals of the ladders of the lad- 
ders, respectively^. Parallel ladders are coupled by the 
ferromagnetic interladder interaction J4 = —0.3 meV. 
The quasiparticle spectrum terminates at a critical wave 
vector h c ~ 0.24 

The sample used for the experiments was an as- 
sembly of five fully deuterated single crystals of IPA- 
Cu(On. 9561-0.05)3 of total volume ~ 0.8 g used also in 
Ref. H. The preparation method is described elsewhere^. 
The neutron resonant spin-echo (NRSE-TAS) experi- 
ments were performed on the spectrometer TRISP at the 
research reactor FRM-II in Garching, Germany? 3 . The 
incident neutron beam was spin-polarized by a super- 
mirror guide. The (002) reflection of pyrolytic graphite 
was used to select the energies of incident and scattered 
neutrons. A velocity selector was used to cut out higher- 
order contamination of the incident beam. The polar- 
ization of the scattered beam with a fixed final energy 
Ef = 6.7 meV was measured by a transmission polar- 
izer in front of the detector. The energy resolution of 
these measurements was about 1 /j,eV— The triple- 
axis spectroscopie (TAS) measurements were carried out 
at the TASP cold neutron spectrometer at PSI in Vil- 
ligen, Switzerland, with neutrons of fixed final energy 
Ef = 5 meV. The beam optics included vertically focused 
pyrolytic graphite monochromators and horizontally fo- 
cused analyzers, as well as Be filters positioned after the 
sample. The energy resolution of this setup was about 
0.16 meV. 

NRSE-TAS data at the bottom of the magnon disper- 
sion relation at momentum q = (0.5, 0, 0) and tempera- 
ture T = 0.5 K for IPA-Cu(Clo. 95610.05)3 revealed a sin- 
gle magnon resonance with r 5 % Br(0-5 K) = 50 ± 10 /xeV 
linewidth. 6ecause of the intrinsic width of the mode, 
a splitting due to an effective single ion anisotropy, D, 
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FIG. 2. (Color online) (a) Temperature dependence of the 
magnon energy gap A for IPA-Cu(Clo.95Bro.o5)3 (red points). 
Blue points are for IPA-CuCls from Refs. 5 andM. The blue 
line is the result of a calculation based on a NLcrM with 
Ao = 1.44 meV and interladder interaction J±/J = 0.1, fol- 
lowing Ref. [23. The red line is shifted by 0.25 meV relative to 
the blue one. (b) Temperature dependence of the bond ran- 
domness induced magnon blueshift of the 5% Br substituted 
compound. The broad shaded line is a guide to the eyes. 



could not be resolved, contrary to the case of the nomi- 
nally pure IPA-CUCI3 material, where D — 37 fieV was 
observed by NRSE-TAS 7 . However, the mode has clearly 
not disappeared entirely, as was conjectured based on 
the absence of the low temperature electron spin reso- 
nance signal^. The observed T(0.5 K) = 50 /ueV energy 
width of the magnon mode in the Er substituted com- 
pound is comparable to the excitation energy used in 
these measurements^. 

In order to follow the temperature evolution of the 
relatively broad line in IPA-Cu(Clo. gsBrrj.rjs^, we com- 
plemented the NRSE-TAS measurements by cold-TAS 
experiments at elevated temperatures, where the resolu- 
tion of this instrument proved to be sufficient. In Fig. Q] 
typical constant-q scans are shown as a function of tern- 
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FIG. 3. (Color online) (a) Temperature dependence of the 
magnon line width I\ Blue points are from Refs. 5 and 7. 
Red points are the result of the present study. The line rep- 
resents NLctM calculations 25 with A = 1.44 meV. (b) Tem- 
perature dependence of the magnon decoherence induced by 
bond randomness of the 5% Br substituted compound. The 
broad shaded line is a guide to the eyes. 



perature. The data were fitted to a Lorentzian mode 
convoluted with the four-dimensional resolution function 
of the instrument (lines in Fig. [T]). 

The temperature dependence of the energy gap, A, is 
shown in the top panel of Figure [2] (red symbols). The 
previous results^ on the clean IPA-CUCI3 are also shown 
for comparison (blue symbols). In the Br substituted 
compound, A is always larger, but its temperature evo- 
lution is similar to the pure compound. Figure [2] b shows 
the temperature dependence of the bond randomness in- 
duced blueshift, 5 A = A 5 % Br — A % Br in the same tem- 
perature range. For T > 13 K, <5A is about 0.25 meV, 
and it is temperature independent within our experimen- 
tal precision. Upon lowering the temperature, SA drops 
by a factor of three in a narrow temperature range of 
8 < T < 13 K. For T < 8 K, SA saturates at ~ 0.1 meV. 

The temperature dependence of the magnon linewidth, 



T, extracted from the fits for IPA-Cu(Clo. 956^.05)3 is 
also similar to IPA-CUCI3 in the entire temperature 
range, although the resonance in the Br-substituted sys- 
tem is always broader (Fig. [3] a). The bond random- 
ness induced magnon decoherence ST — T 5 o/ Br — T o/ Br 
is plotted in Fig. H b as a function of temperature. 
Above T ~ 13 K, it is temperature independent (ST ~ 
0.13 meV) within the experimental error, and then de- 
creases quickly upon cooling between 8<T<13K.A 
temperature independent value ST ~ 0.05 meV is again 
observed for T < 8 K. Notably SA oc ST in the entire 
temperature range, in accordance with the behavior of 
the pure system. 

We discuss these observations in the framework of the 
dimensional crossover picture developed on the basis of 
prior TAS and NRSE-TAS data on pure IPA-CuCl 3 , 
which are well described in the entire temperature range 
by a mean-field analysis of a spin-1 chain with weak inter- 
chain interactions on a cubic lattice^>^>^. (Note that 
the predictions of the NLcrM hold for both spin-1 chains 
and spin- 1/2 ladders.) The results of this analysis are 
shown in Fig. [2] a) by a blue line. For temperatures ex- 
ceeding the energy scale of the inter-ladder interactions, 
Ji/ks, the magnons follow an effective ID dispersion re- 
lation, and the temperature dependence of A and T is in 
good agreement with the predictions of the ID NLcrM. 
For T << Ji/ksi on the other hand, the 2D dispersion 
is fully established, and thermally excited magnons are 
confined to its 2D troughs. A crossover from ID to 2D 
behavior takes place at intermediate temperatures. 

The observation of approximately T-independent val- 
ues of SA and ST in the Br-substituted system at high 
temperatures is qualitatively consistent with this picture, 
and with Matthiessen's rule which has been extensively 
applied in the analysis of magnon-mediated heat conduc- 
tion in ID and 2D spin system o 14 ' 15 . Written in terms of 
the magnon mean free path, L, this rule stipulates that 

L^ 1 = idynamic + ^statid where 

-^dynamic 

and L sta ti c arise 

from magnon-magnon and magnon-defect collisions, re- 
spectively. At high temperatures, the T-dependence of 
L arises solely from -Adynamic, which is inversely propor- 
tional to the density of thermally excited magnons and 
is well described by the NLcrM. We can thus compare 
our experimental data to the results of Monte Carlo cal- 
culations for finite spin-1 chains**, where the observed 
value of <5A/Ao ~ 0.2 corresponds to a chain length of 
-i'static ~ 10a. A similar estimate can be made on the 
basis of the broadening <5r/Ao ~ 0.1 observed at high 
temperature, which together with the magnon velocity, 
v = 2.9 meV^ translates into L s tatic ~ 22a. The dif- 
ference between these two estimates of L s tatic may be 
influenced by the unresolved splitting of the magnon res- 
onance in IPA-Cu(Cli_2;Br x )3. Both values are larger 
than 5a, the average distance between Br defects along 
the ladders in our sample. The deviations between the 
theoretical predictions for finite-size systems and the ex- 
perimental observations on IPA-Cu(Clo. 956^.05)3 indi- 
cate that not all Br defects effectively break up the chains 
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into finite-size segments. In particular, defects on the legs 
of the ladder may be less effective scattering centers than 
those along the rungs and diagonals. 

At temperatures 8 K < T < 13 K, SA and ST arc 
strongly T-dependent, which indicates that the simple 
Matthiessen rule no longer applies in this regime. This 
is consistent with the dimensional crossover picture, ac- 
cording to which the effective dimensionality of the spin 
system, and hence also the character of the scattering of 
magnons from bond defects, is temperature dependent in 
this temperature range. This also implies that thermal 
conductivity data should be interpreted with caution in 
quasi-lD magnets, where dimensional crossover phenom- 
ena are common. 

In the low-T limit, the density of magnons thermally 
excited across the gap decreases exponentially upon cool- 
ing, and L is expected to be dominated by the static 
contribution, £ s tatic- The observation of temperature- 
dependent values of SA and <5r for T < 8 K is consistent 
with this expectation. The reduced values of SA and ST 
at low temperatures, compared to those observed in the 



high-T regime, are again in qualitative agreement with 
the dimensional crossover picture, and with the notion 
that defects are less disruptive for 2D than for ID spin 
correlations. A quantitative description of these data will 
require calculations based on the specific spin Hamilto- 
nian for IPA-CUCI3. We hope that our data will stimu- 
late further experimental and theoretical work on dimen- 
sional crossover phenomena and their influence on the 
magnon spectrum and magnon-mediated thermal trans- 
port in IPA-CUCI3 and other quasi-lD quantum magnets. 
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